For animals that forage or travel in groups, making movement decisions often depends on social interactions among group members 1,2 . However, in many cases, few individuals have pertinent information, such as knowledge about the location of a food source 3,4 , or of a migration route [5] [6] [7] [8] [9] . Using a simple model we show how information can be transferred within groups both without signalling and when group members do not know which individuals, if any, have information. We reveal that the larger the group the smaller the proportion of informed individuals needed to guide the group, and that only a very small proportion of informed individuals is required to achieve great accuracy. We also demonstrate how groups can make consensus decisions, even though informed individuals do not know whether they are in a majority or minority, how the quality of their information compares with that of others, or even whether there are any other informed individuals. Our model provides new insights into the mechanisms of effective leadership and decision-making in biological systems.
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Primary questions concerning the mechanism of information transfer in groups include how uninformed individuals recognize those that are informed, whether such recognition is actually necessary, and how groups can come to a collective decision when informed individuals differ in preference 10 . It is known that several animal species have evolved specific recruitment signals that help guide conspecifics. Most famous in this context is the waggle-dance of the honeybee that recruits hive members to visit food sources 5, 7, 8, 11 . Furthermore, valuable experience may be correlated with age or dominance 1, 2 , which can presumably be estimated by conspecifics of some species 12 . However, it remains questionable whether such explanations hold when migrating groups of fish, ungulates, insects and birds are considered, where crowding limits the range over which individuals can detect one another 1, 2 . In pelagic fish schools, for example, individuals are usually less than one body-length apart 13 . Although it is likely that some species have a genetically determined propensity to migrate in a general direction 14, 15 , or respond to abiotic cues such as thermal gradients that may aid migration 16, 17 , it is likely for many species that experienced group members play an important role in guiding those that are less experienced or inexperienced. Relatively few informed individuals within fish schools are known to be able to influence the foraging behaviour of the group 3 and the ability of a school to navigate towards a target 4 . Similarly, very few individuals (approximately 5%) within honeybee swarms can guide the group to a new nest site 7 . Furthermore, for some animal groups such as large insect swarms or fish schools, it may be unreasonable to assume that group members have the capacity for individual recognition. Here we address two fundamental issues, both occurring in the absence of complex signalling mechanisms and when it is not possible for group members to establish who has and has not got information. First, how information about the location of resources, or of a migration route, can be transferred within groups; and second, how individuals can achieve a consensus when informed individuals differ in their preferences.
We take into account the ability of grouping individuals to modify their motion on the basis of that of local neighbours (social interactions) 2, 18, 19 . Groups are composed of N individuals. Each individual with position vector c i (t), direction vector v i (t), and speed s i , attempts to maintain a minimum distance a between itself i and others j at all times by turning away from neighbours within that range where d i represents a desired direction of travel. This simulates individuals acting to maintain personal space and to avoid collisions 1,2 . Avoidance is the highest priority. If neighbours are not detected within this region then the individual will tend to become attracted towards, and aligned with 1, 2, 11, 13, 18 , j neighbours within a local interaction range r:
To incorporate the influence of informed group members, a proportion of the individuals p are given information about a preferred direction (simulated as a unit vector g) representing, for example, the direction to a known resource, or a segment of a migration route. All other individuals are naive and have no preference to move in any particular direction, and are also not informed as to which individuals within the group have information and which do not. Informed individuals balance the influence of their preferred direction and their social interactions with weighting term q, and replacingd i ðt þ DtÞ by d i 0 ðt þ DtÞ; where:
If q ¼ 0, vector g i has no influence and individuals have no desire to move in any specific direction. As q approaches 1, individuals tend to balance their preference to move in direction g i with their desire to maintain social interactions with group members. As q exceeds 1, individuals are more heavily influenced by their preferred direction g i than by their neighbours (see Methods section for details of the model).
The accuracy of the group, and hence the quality of information transfer, can be quantified as the normalized angular deviation 20 of group direction (see Methods) around the preferred direction g, with a minimum value of 0 and maximum of 1.
For a given group size we found that the accuracy of group motion (in a preferred direction) increased asymptotically as the proportion of informed individuals increased. Furthermore, as group size became larger this relationship became increasingly nonlinear (Fig. 1a) , meaning that the larger the group, the smaller the proportion of informed individuals needed to guide the group with a given accuracy. Thus for sufficiently large groups only a very small proportion of informed individuals is needed to achieve close to maximal accuracy. For animal groups such as migrating honeybee colonies, there are likely to be costs associated with increasing the proportion of scouts (informed individuals) within the colony owing to the time taken to recruit others via the waggle-dance [5] [6] [7] [8] [9] 11 , and for scouts to learn essential navigational skills 7, 8 . Thus, we may expect colonies to have evolved such that they have effectively reached the asymptote of accuracy (Fig. 1a) and we predict that they would achieve little benefit in having larger scout populations.
The influence of the weighting of preferred direction q was of least importance if the proportion of informed individuals is small letters to nature or large (Fig. 2a, c, d) . At intermediate values, however, q becomes strongly positively correlated with group accuracy (Fig. 2b) . This corresponds to the region in Fig. 1 where the rate of increase in accuracy reaches its asymptote. There is a cost to increasing q for these intermediate values of p, however, because there exists a tradeoff between the accuracy of group motion and the probability that the group will fragment (Fig. 2b) . Lack of group cohesion would clearly be detrimental to honeybees [6] [7] [8] or obligate schooling fish 1, 2, 13 and there is experimental evidence that such a trade-off also occurs in other animal groups where social learning of routes depends on the ability of informed individuals to maintain social interactions with those that are naive 4 . Informed individuals within a group may differ in their preferred direction, however, due to differences in experience or motivation 1, [5] [6] [7] [8] [9] [10] [11] . Groups of animals often have to make collective decisions, such as to move together to a specific resource, such as a nest site 1,5-9 or food source 2, 4 . The means by which such decisions can be made is very poorly understood, especially in the case of large groups and when individuals are not capable of knowing whether they are in a majority or minority, or how the quality of their information compares with that of others, or even whether there are any other individuals in the population with information. To investigate this we created two subsets of informed individual, each having its own directional preference.
If the number of individuals that exhibit each preference is equal, the direction of group motion depends on the degree to which the preferred preferences differ: as this difference increases, groups change from moving in the average preferred direction of all informed individuals to selecting randomly one of the two preferred directions (Fig. 3A, a) . If the number of individuals exhibiting one of the preferences is increased, however (Fig. 3A, b and c) , the group will (given the appropriate difference in preference, Fig. 3A, a) select collectively the direction preferred by the majority, even if that majority is small (Fig. 3A, b) .
This ability of a group to average preferences when differences are relatively small 21 but to achieve a consensus for the majority option when differences are large is likely to be important in many animal groups, especially if the point at which this transition occurs can be tuned. To achieve this tuning we introduced a simple feedback on the weighting of the preferred direction q. If, in a given time step, informed individuals find themselves moving in a similar direction (here within a 20-degree arc) to their preferred direction, q is reinforced (by q inc , up to a maximum, q max ), otherwise it is reduced (by q dec , to a minimum of 0). Such a feedback loop allows consensus decisions (as opposed to averaging) for smaller differences in preferred direction (Fig. 3B, C) . Figure 3B , C shows that the transition to consensus decision-making occurs for small changes in the number of individuals in each subset and that the influence of the minority subset decreases rapidly as the difference in size of the informed subsets increases.
This decision-making mechanism also allows discrimination with respect to quality of information. For example, if there is no difference in the size of the two subsets of informed individual, but there exists a difference in their ability to correctly determine their Figure 1 Group accuracy, and shape, as a function of the proportion of informed individuals p, for different group sizes N. The initial increase in accuracy as a function of p (a) is associated with the group becoming elongated as p increases (b). Informed individuals tend to occupy a frontal position within the group. The elongation of the group then decreases as p increases further and an increasingly large proportion of the group have knowledge of the directional vector g. 400 replicates, q ¼ 0. letters to nature preferred direction, the group can select collectively the direction associated with least error (Fig. 4 , see Methods for details). Our model demonstrates that efficient transfer of information, and decision-making, can occur within animal groups in the absence of explicit signals or complex mechanisms for information transfer. This means that informed and naive individuals do not have to be able to recognize each other and that leadership can emerge as a function of information differences among members of a population, and is therefore transferable. No inherent differences between individuals (such as dominance due to larger body size) need to be invoked to explain leadership, although these properties can also influence group motion 2, 18 . Furthermore, the mechanism of coordination we propose here requires only limited cognitive ability, and demonstrates that individuals can respond spontaneously to those that have information. This is important to our understanding of group foraging, social learning, migration and navigation, and may provide new design protocols for information transfer among grouping robots. A
Methods
Motion in animals is subject to random influences (for example, sensory/movement error). This is simulated by modifyingd i ðt þ DtÞ or d i 0 ðt þ DtÞ; for uninformed and informed individuals, respectively, by rotating it by a random angle taken from a circularwrapped gaussian distribution, centred on 0, with standard deviation j ¼ 0.01 radians (see 'Uncertainty of information', below) resulting in vector d i 00 ðt þ DtÞ: Individuals can turn through an angle of, at most, vDt radians towards their desired direction in time Dt; if the angle between v i (t) and d i 00 ðt þ DtÞ is less than vDt, they achieve alignment with their desired vector, v i ðt þ DtÞ ¼ d 
Group size
Group sizes here are comparable to the size of schools, flocks or herds, of many species [1] [2] [3] [4] 13, 19 , but smaller than large aggregates such as honeybee colonies 7, 8 , owing to the nonlinear increase in computer processing time required as N increases. Our results, however, are likely to be independent of absolute group size, within the constraints of maintaining cohesion of group members 22 . To automatically test whether groups remained cohesive we used the equivalence class technique described in refs 18, 19. Figure 3 Collective selection of group direction when informed individuals differ in preference. Normalized probability distribution (proportion of maximum) of group direction for groups containing two subsets (with directional preferences s1 and s2, and of sizes n1 and n2, respectively) of informed individual within each group, each with its own directional preference: s1 ¼ 0 degrees (white dotted line) whereas s2 ¼ 0-180 degrees (2,000 replicates per 10-degree interval). Total group size N ¼ 100 (parameters as for Fig. 1 ; q, q max ¼ 0.4). We show the large influence of slightly changing n1 and n2 on group direction. In a, the first column, n1 ¼ n2 (A, B ¼ 5; C ¼ 10, demonstrating consistency at larger values of p). In b, the second column, n1 is increased by 1, whereas in c, column 3, n1 is increased by 1 and n2 decreased by 1 (to allow direct comparison with the first column). B and C include feedback. A, a, n1 
Group direction
To quantify group direction h we create a vector extending from the group's centroid calculated at time t f Dt 2 50Dt to the centroid calculated at t f Dt, where t f , the final time step, is 2,500. In Figs 1 and 2 we calculated the mean angular deviation s for 400 replicates, equivalent to calculating the linear standard deviation 20 , which we normalized so that its minimum value is 0, corresponding to no information transfer (groups move in random directions), and its maximum value is 1, corresponding to the motion of the simulated groups always being exactly aligned with g.
Elongation
Elongation was measured by creating a bounding box around the group aligned with the direction of travel and calculating the ratio of the length of the axis aligned with the group direction, to that perpendicular to group direction. This value is 1 when both axes are identical, .1 as the group becomes more elongated in the direction of travel, and ,1 as it becomes elongated perpendicular to the direction of travel.
Uncertainty of information
Individuals may also not have perfect knowledge about their preferred direction g, and this can be simulated for each individual i at the start of the simulation by rotating by the same type of circular-wrapped gaussian distribution with standard deviation g, resulting in vector g i . Changing g changes our results quantitatively, but not qualitatively, within the upper limits imposed by groups being able to maintain cohesion (see Supplementary Fig. 1 ).
To simulate a difference in the ability of informed individuals, within the same group, to correctly determine their preferred direction, g is rotated for p/2 individuals (s2) by gaussian-distributed angle, with standard deviation x radians (creating g i , as above) at the start of the simulation (see Fig. 4 ).
Starting conditions
Each simulation run was started with randomized individual positions and orientations. 
